Olivine nephelinites commonly contain macrocrysts of olivine and clinopyroxene. Some of these macrocrysts might represent fragments of the source region of the host magma transported to the Earth' s surface. If this hypothesis is correct these fragments can be used to characterize the composition of the source region and to put constraints on the magma generation process. In this study, we investigate the origin of macrocrysts and mineral aggregates from an olivine nephelinite from the Kaiserstuhl, Germany. We focus on clinopyroxenes (Cpx), which can be divided into three groups. Cpx I is relict Cpx from aggregates with deformed olivine that is depleted in Ca and characterized by strong light rare earth element (LREE) fractionation, low Ti/Eu and negative high field strength element (HFSE) anomalies. Its geochemical signature is consistent with formation by carbonatite metasomatism and with equilibration in the presence of orthopyroxene. Cpx II is Ca-rich Cpx, forming both aggregates with deformed olivine and individual macrocrysts. The LREE, as for Cpx I, are strongly fractionated. Convex REE patterns may be present. The depletion in HFSE is less pronounced. Cpx III is oscillatory zoned Cpx phenocrysts showing enrichment in Ca, convex REE patterns and no HFSE anomalies. The transition in the trace element abundances between the Cpx of the three groups is gradual. However, Cpx I and II did not crystallize from the host magma, as demonstrated by the presence of kink-bands and undulose extinction in the associated olivine and by the composition of alkali aluminosilicate glass inclusions in Cpx II. Based on the Cpx relationships, we interpret the studied suite of macrocrysts and mineral aggregates as a mixture of disintegrated fragments of the source region of the host olivine nephelinite. The process of melt generation was multi-stage. A primary carbonatite melt ascending from deeper levels in the mantle, probably from the dolomite^garnet peridotite stability field, reacted with mantle peridotite along the solidus ledge in the system lherzolite^CO 2 (520^22 kbar) and started to crystallize carbonate minerals. Because of its low solidus temperature, the resulting carbonate-wehrlite assemblage melted incongruently with the formation of additional clinopyroxene. The carbonatite melt evolved during crystallization of carbonate minerals and concomitant incongruent melting of the carbonate-wehrlite, accompanied by the segregation of incipient alkali aluminosilicate melts. As a consequence of fast reaction rates in the presence of a carbonatite melt, this process probably took place under disequilibrium conditions. Further melting of the assemblage wehrlite þ alkali aluminosilicate melt led to the generation of the olivine nephelinite magma. It entrained fragments of the wehrlite and brought them to the surface.
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of the source region, the major and trace element compositions of its mineral and volatile components and conditions of partial melting are actively debated among petrologists. Except for the study of in situ examples of partial melting during high-T metamorphism, unravelling the source region characteristics is based on indirect approaches. In the case of alkaline magmatic rocks, a wealth of geochemical and some phase equilibrium constraints can be derived from their major and especially trace element geochemistry and radiogenic isotope compositions (e.g. Greenough, 1988; Wedepohl et al., 1994; Furman, 1995; Spa« th et al., 2001) . Studies of entrained mantle xenoliths have revealed minimum P^T conditions of formation of alkaline mafic and ultramafic magmas (e.g. Boyd, 1973; Henjes-Kunst & Altherr, 1992; Akinin et al., 1997; Lee & Rudnick, 1999; MacKenzie & Canil, 1999; Kopylova & Caro, 2004) . Additionally, a number of experimental investigations have been conducted that focused on their high-pressure liquidus phase relations (e.g. Bultitude & Green, 1971; Green, 1973; Brey & Green, 1977; Adam, 1990; Girnis et al., 1995; Ulmer & Sweeney, 2002) . Liquidus experiments can provide direct insights into the nature of the phase assemblages in the source regions. However, they commonly assume homogeneity and thermodynamic equilibration of the source region and a given set of P^T conditions, and the fluid composition is determined a priori. Although either approach -geochemical, xenolith-based, and experimental -has its strengths and weaknesses, neither allows study of the source region mineral assemblages directly in a natural environment.
Alkaline mafic and ultramafic magmas are generally considered to rise rapidly to the Earth's surface. Their ascent to the surface is often accompanied by the entrainment of significant amounts of disintegrated rocks from the walls of the magma conduit as xenoliths and xenocrysts. Typical magmas that bear such debris are kimberlites, foidites and alkali basalts (for reviews, see Sobolev, 1977; Dawson, 1980; Nixon, 1987; Menzies, 1990; Griffin et al., 1999) . At the same time, many kimberlite, foidite and alkali basalt intrusions are almost devoid of xenoliths but contain abundant macrocrysts of olivine (kimberlites) or olivine and clinopyroxene (olivine nephelinites, basanites) showing strong indications of solid-state deformation such as kink-bands, undulose extinction, recrystallization and internal cracks (e.g. Skinner, 1989; Mitchell, 1995) . These minerals are neither the products of fragmentation of mantle xenoliths, because of the lack of other minerals typical of common mantle lithologies, nor could they have crystallized from the host magma, because of their deformation features. This raises the question of whether they are entrained directly from the source region of the host magma. If so, they could provide direct constraints on the phase composition, trace element characteristics and, potentially, the P^Tconditions of the source region.
This study focuses on a suite of macrocrysts and clinopyroxene^olivine aggregates from a single specimen of olivine nephelinite from the Humberg, Kaiserstuhl (Baden, Germany). The suite is dominated by clinopyroxene and olivine. Deformation features in olivine from the clinopyroxene^olivine aggregates, as well as the chemical composition of silicate melt inclusions in the clinopyroxene, preclude their crystallization from the host magma. Compared with early formed clinopyroxene phenocrysts that display unequivocal relationships with the host magma (oscillatory zoning, euhedral shape, crystal clots), clinopyroxene macrocrysts and most clinopyroxenes intergrown with deformed olivine show clear similarities in major and trace element composition. This study targets this potential source region material. We present and discuss constraints on the genesis of the host olivine nephelinite magma and the history of formation of its source region via the fragments preserved in the rock. Based on this approach, we show that the process of carbonatite metasomatism of mantle peridotite lithologies defined by the solidus reactions in the system lherzoliteĈ O 2 under uppermost mantle conditions (520^22 kbar) can yield an appropriate source region for the olivine nephelinite magma, a hypothesis that has previously been suggested by Dunworth & Wilson (1998) to explain the origin of olivine melilitites of the Upper Rhine graben volcanic province.
G E O L O GY
The Kaiserstuhl volcanic complex has a long history of geological investigation (von Dietrich, 1783 ; see reviews by Wimmenauer, 1957; Keller et al., 1990; Sigmund, 1996) . It is situated within the Upper Rhine Graben (Southern Germany, Fig. 1a ) and is one of numerous manifestations of Tertiary to Quaternary volcanism within western and central Europe (Wilson & Downes, 1992; Wedepohl et al., 1994) . The main phase of volcanic activity in the Kaiserstuhl occurred in Miocene times between 18 and 13 Myr ago (Lippolt et al., 1963; Schleicher & Keller, 1991; Kraml et al., 1995) . Major rock types emplaced during this period are olivine nephelinite and basanite (including type-locality limburgite), tephrite and essexite, phonolite, so« vite and alvikite carbonatite (Wimmenauer, 1957 (Wimmenauer, , 1959 (Wimmenauer, , 1962 (Wimmenauer, , 1963 Keller, 1984; Keller et al., 1990; see Fig. 1b) . Volumetrically insignificant carbonate-rich melilite dike rocks (bergalites) are also present. The olivine nephelinites are regarded as primitive mantle-derived magmas, whereas limburgites are interpreted as their differentiates (Keller, 1978; Keller et al., 1990) . Whole-rock Nd and Pb isotopic data indicate disequilibrium between the olivine nephelinites and carbonatites, whereas their Sr isotopic compositions are fairly similar (Schleicher et al., , 1991 Schleicher & Keller, 1991) . The bergalites have isotope characteristics similar to the carbonatites (Hubberten et al., 1988; Schleicher et al., 1990 Schleicher et al., , 1991 .
The olivine nephelinites sometimes contain peridotite xenoliths (Keller et al., , 1997 Sigmund, 1996) . Most of these are spinel peridotites; garnet^spinel peridotites are exceptionally rare. Porphyroclastic textures are not observed, although clear indications of strain (undulose extinction, cracked zones and cataclastic zones at the rims of large mineral grains) are common (Sigmund, 1996; Keller et al., 1997) . Geothermobarometric estimates indicate temperatures of 950^11008C (Sigmund, 1996; Keller et al., 1997) . The maximum pressure range for spinel-bearing lithologies, calculated based on Cr contents in spinel, does not exceed 22 kbar (Sigmund, 1996; Keller et al., 1997) . Garnet-bearing xenoliths yield temperatures of c. 1000^10508C at pressures of 16^24 kbar, depending on the geobarometer used (Sigmund, 1996; Keller et al., 1997) . The Al-in-Opx geobarometer of Brey & Ko« hler (1990) confines this range to c. 16^18 kbar, or 53^60 km depth, which probably reflects the limit of garnet stability in mantle peridotites beneath the Kaiserstuhl (Sigmund, 1996; Keller et al., 1997) .
The Moho beneath the Kaiserstuhl has been detected by seismic refraction studies at a depth of only c. 24 km; there are clear indications of a broad mantle upwarp in the region of the Kaiserstuhl corresponding to the Black Forest^Vosges dome in the surface geology (Edel et al., 1975; Koch, 1993; see Fig. 1a) . Gravity modelling (Kahle & Werner, 1980) and electromagnetic deep soundings (Haak et al., 1970; Scheelke, 1974; Winter, 1974 ) also suggest that a mantle upwarp, centred beneath the Kaiserstuhl, underlies the Upper Rhine Graben (Illies, 1970 (Illies, , 1975 . However, available seismic tomography data do not allow assignment of this dome-like structure to an actively upwelling upper mantle diapir and reveal a heterogeneous zone in the depth range of 25^50 km ascribed to partial melts that intruded the mantle lithosphere during the middle and late Miocene and have cooled and solidified since then Wimmenauer, 1962) . (Glahn & Granet, 1992) . This zone shows a rather smooth transition to the upper asthenosphere below 50 km (Glahn & Granet, 1992) .
This study is based on a single drill-core sample (70 mm Â 53 mm) of olivine nephelinite from the locality of Humberg situated in the western part of the Kaiserstuhl complex (Fig. 1b) . This locality is known for the presence of essexite rocks and weathered tephrite lavas and tuffs, formerly mined in several quarries, which are now derelict. Olivine nephelinite has not been reported in surface outcrop. However, it crops out c. 4½ km north of the Humberg, in the area of Lu« tzelberg and Limberg, near Sasbach (Fig. 1b) . The Lu« tzelberg is the largest and most prominent occurrence of olivine nephelinite rocks in the Kaiserstuhl. It contains abundant spinel peridotite xenoliths (Keller, 1984; Keller et al., 1990) . Both the Lu« tzelberg and the Humberg represent paleovolcanic edifices elongated in a NNE^SSW direction, following the orientation of lineaments of the Upper Rhine graben ( Fig. 1a and b) . The study sample has a fresh and compact appearance. It does not show indications of atmospheric weathering, unlike samples from most local surface outcrops. In terms of chemical composition, it exhibits a remarkable similarity to the Lu« tzelberg olivine nephelinite (Table 1; see Keller et al., 1990) . Based on the geological situation (Fig. 1b) and available geochemical data (Table 1) , we consider that it may come from the feeder dike system of the Lu« tzelberg olivine nephelinite volcano.
The drill-core sample investigated in this study was taken from the collection of alkaline volcanic rocks initially belonged to Eugen Wegmann and now kept at the University of Neucha" tel, Switzerland. The archiving of specimens in this collection dates to 1961.
A NA LY T I C A L T E C H N I Q U E S
Major element compositions of minerals were determined by wavelength-dispersive analysis using a fourspectrometer CAMECA SX50 electron microprobe at the Institute of Geological Sciences, University of Bern. The microprobe was operated at 15 kV. Beam currents were 20 nA for most silicate and oxide minerals and 10 nA for carbonate minerals. Compositions of olivine, clinopyroxene and spinel were obtained using spot analyses. For phyllosilicates and carbonate minerals, the electron beam was rastered over an area up to $10 mm Â15 mm. Major element compositions of quenched carbonatite melt and silicate glass were determined by wavelengthdispersive analysis using the electron microprobe at the University of Bern, and a five-spectrometer JEOL JXA-8200 electron microprobe at the Institute of Mineralogy and Petrography, University of Lausanne. Operating conditions involved a 15 kV accelerating voltage and a 6^10 nA beam current. The beam was rastered over an area 10 mm in diameter. Count times were 10 s for alkalis and silicon and 15^20 s for other elements. Intensity vs time scans performed under these conditions did not reveal any appreciable alkali loss. Data were reduced with the PAP program. Trace element contents of minerals were analysed using a laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) instrument equipped Gu« nther et al., 1997; Heinrich et al., 2003) . Operating conditions were similar to those described by Pettke et al. (2004) . An SRM 610 external standard from NIST was used. Electron microprobe data were used for internal standardization. Whole-rock major element abundances in the host olivine nephelinite were determined using a Philips PW2400 X-ray fluorescence (XRF) spectrometer (Institut de Mine¤ ralogie et Pe¤ trographie, University of Fribourg). Trace element abundances were determined on flux-free glass pills using the same LA-ICPMS technique as for minerals. Additionally, some trace elements were analysed by XRF at the University of Fribourg.
The sample is classified as an olivine nephelinite because of the frequent presence of olivine macrocrysts, high amount of modal nepheline and lack of modal feldspar, as suggested by the IUGS classification for volcanic rocks (Le Maitre et al., 2002) . The bulk-rock major and trace element contents are given in Table 1 . In terms of major elements, the rock studied broadly compares with nephelinitic rocks from other localities (Le Bas, 1989 , and references therein). Compared with the average olivine (mela)nephelinites of Nockolds (1954) and Le Bas (1987) , it is characterized by a somewhat elevated MgO content and a depletion in alkalis, in particular K 2 O. The alkali depletion of the studied specimen is also evident when compared with the Lu« tzelberg olivine nephelinite, Kaiserstuhl (Table 1) . This is related to the partial replacement of nepheline by analcime in the rock matrix. The elevated MgO content probably reflects the presence of large amounts of olivine macrocrysts. The elevated abundances of incompatible trace elements generally match those for nephelinitic rocks from other occurrences (e.g. Wedepohl et al., 1994; Furman, 1995; Spa« th et al., 2001) . The relatively low Cr content indicates the lack of extensive contamination by xenocrysts derived from depleted mantle lithologies, and the elevated content of Ni reflects the abundance of olivine in the rock.
P E T RO G R A P H Y O F T H E O L I V I N E N E P H E L I N I T E
The studied rock sample consists of clinopyroxene, olivine and Cr-spinel^Ti-magnetite macrocrysts set in a fine-grained matrix. The matrix is composed of olivine microphenocrysts, clinopyroxene, phlogopite, nepheline, analcime, Ti-magnetite, ilmenite, apatite and calcite. Dominant phases are clinopyroxene, nepheline and analcime. Clinopyroxene forms microphenocrysts (40^50 mm) and microlites (5 10^15 mm). The latter are abundant and define the texture of the matrix. Nepheline and analcime occur as interstitial minerals. Nepheline is partly replaced by analcime. Olivine is subordinate and partly or completely replaced by saponite, serpentine and other secondary phyllosilicates. Poikilitic, texturally late phlogopite occurs infrequently. Ti-magnetite and less common ilmenite constitute the major oxide minerals of the matrix and often form intergrowths. Rare segregations and veinlets of calcite are present. Representative microprobe analyses of the matrix minerals are provided in Table 2 .
M AC RO C RY ST S A N D M I N E R A L AG G R E G AT E S
The studied suite of macrocrysts and mineral aggregates is dominated by olivine and clinopyroxene. Cr^Al-spinel and titanomagnetite are minor phases (c. 5% of all macrocrysts), with titanomagnetite often forming overgrowths on Cr^Al-spinel. The macrocrysts and aggregates do not exceed 3^4 mm in size (Fig. 2a^f) . They account for c. 15% of the rock. Individual macrocrysts are more common than aggregates. Core areas of the macrocrysts show distinct chemical compositions, whereas their rims are indistinguishable from matrix microphenocrysts.
Large mantle xenoliths and megacrysts are absent, as well as clinopyroxene macrocrysts compositionally similar to clinopyroxene from common peridotite lithologies. Garnet, orthopyroxene, ilmenite, amphibole and other minerals that can potentially occur as macrocrysts in alkaline mafic and ultramafic magmas have not been found. Green-core clinopyroxene, which often forms macrocrysts in alkaline basalts (e.g. Duda & Schmincke, 1985; Dobosi & Fodor, 1992; Pilet et al., 2002) , is similarly absent.
Olivine and spinel
Olivine is abundant among the macrocrysts (Fig. 2a ) and is also a major constituent of clinopyroxene^olivine aggregates (Fig. 2b) . In both cases, deformed olivine with kink-bands and undulose extinction is common. Large olivine grains (4 1mm) often contain homogeneous cores (Mg-number 90^91Á5, 0Á08^0Á14 wt % CaO). Towards the contact with the host olivine nephelinite, strong chemical zoning is observed. The Mg-numbers and Ni content decrease, whereas the Mn and Ca contents increase (Table 3) .
Rare macrocrysts of Cr^Al-spinel^Ti-magnetite consist of anhedral cores of Cr^Al-rich, low-Ti spinel rimmed by a zone of Cr^Al-poor Ti-magnetite ( Fig. 2c; Table A1 ).
Cpx I is very rare and forms partially resorbed grains in the inner parts of some clinopyroxene^olivine aggregates (Fig. 2b) . Such relict grains are almost devoid of inclusions (Tables 5 and 6 ). It is fairly homogeneous in terms of its major element composition (Fig. 5a ). In terms of trace elements, it displays strong light rare earth element (LREE) enrichment and heavy REE (HREE) depletion (Table 7) , resulting in an almost 'straight-line' appearance of the REE patterns (Fig. 6a) . In the multi-element patterns, pronounced negative anomalies of Nb, Zr, Hf and Ti are present (Fig. 6b) . Cpx II is common and clearly dominates the studied assemblage. It forms macrocrysts and occurs in clinopyroxene^olivine aggregates, partially replacing relict Cpx I when the latter is also present. A typical macrocryst consists of a colorless, anhedral-to-subhedral, resorbed core and a subhedral-to-euhedral pale brownish ). Ã The corresponding electron microprobe profile does not show a distinct plateau, although the extent of diffusion re-equilibration is probably insignificant. (Fig. 2d) . The domain texture tends to spread along cracks and in the corner parts of the core (Fig. 2d) , and is therefore unlikely to be a result of direct magmatic crystallization; it appears most consistent with an origin by fast reaction of the clinopyroxene cores with a melt. Small macrocrysts can be entirely overprinted by this process ( Fig. 3a and b) . Detailed element maps demonstrate that the domain texture is due to the presence of domains characterized by variable chemical compositions ( Fig. 3b ; for more detail, see Fig. A4 of the Electronic Appendix). Cpx II from clinopyroxene^olivine aggregates and from the core areas of the macrocrysts are similar. However, the domain texture and outer mantle typical of single Cpx II macrocrysts are not developed in direct contact of Cpx II with olivine, although they are present at its contact with the host olivine nephelinite.
The clinopyroxene cores contain abundant inclusions. Inclusions of fluid, melt and carbonate phases dominate; 
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olivine is common but mostly replaced by secondary minerals (Fig. 2d^f ). Spinel may be present. The mantle hosts an entirely different set of inclusions (tiny needles of rutile, Ti-magnetite). The core areas of Cpx II are Ca-rich, relatively magnesian, depleted in Na and characterized by low to moderate Al contents (Tables 5 and 6 ). Cpx II displays two modes in Cr content corresponding to high-Cr and low-Cr sub-types (Table 6 ). High-Cr Cpx II is typical of clinopyroxene^olivine aggregates (Figs 2b and 5a ) and also occurs among the macrocrysts (Figs 2e and 5b ). It displays a wide range of Ti contents ($0Á1^1Á2 wt %). Low-Cr Cpx II (Figs 2f and 5c ) accounts for c. 60^70% of Cpx II macrocrysts, but is absent in clinopyroxene^olivine aggregates. This clinopyroxene is relatively rich in Ti (0Á9^1Á4 wt %). Between high-and low-Cr Cpx, transitional varieties occur (Table 6 ). The core areas of large Cpx II grains are more or less homogeneous in terms of chemical composition (Fig. 5a^c) . Small grains show a significant scatter of chemical compositions in microprobe traverses, as a result of the development of the domain texture (Fig. 5f ). Closer to the core^rim boundary, positive Cr anomalies and often some increase in Mg-number are observed, followed by strong chemical zoning towards the composition of matrix clinopyroxene within the rim zone. The Al and Ti contents increase, whereas the Mgnumber decreases (Fig. 5a^c) .
Cpx II are enriched in LREE (Table 7 , Fig. 6c and e) . Convex REE patterns are present (Fig. 6c and e) . The multi-element patterns of the core parts of high-Cr Cpx II display variable negative anomalies of Zr, Hf and Ti (Fig. 6d) . A considerable scatter in the trace element abundances over the whole set of the analysed grains of high-Cr Cpx II is observed (Fig. 6c and d) . The core areas of low-Cr Cpx II show more uniform trace element patterns that are less depleted in Zr and Hf; the Ti depletion disappears (Fig. 6f) .
Complementary to the major element zoning data, Cpx II show strong trace element zoning within the outer rim, resulting in enrichment in almost all incompatible trace elements rimwards (Table 7 , Fig. 7a and b) . Within the core, no significant variations between individual LA-ICPMS analyses are observed. In the intermediate zones in contact with the domain texture and corresponding to the Cr-peaks in the electron microprobe profiles (e.g. Fig. 5c ), the trace element patterns are only marginally re-equilibrated, as shown by convex REE distributions and somewhat reduced Zr and Hf anomalies.
Cpx III represents early phenocrysts occasionally forming clots. Most of these phenocrysts consist of an euhedral core and a well-developed, broad mantle grading into the core with no sharp divide but, unlike the core, showing oscillatory zoning (Fig. 4a^d) . Some phenocrysts do not have individualized core areas and show oscillatory zoning in the innermost part. No inclusions are observed either in the core or the mantle, except Ti-magnetite and tiny rutile needles within the outermost rim or along cracks. The outermost rim of Cpx III is indistinguishable from that of Cpx II.
The core areas of Cpx III are Ca-rich, relatively depleted in Na and characterized by low to moderate alumina contents (Table 8) . They are depleted in Ti and often enriched in Cr compared with the intermediate and outer rims (Fig. 5d) . The core areas of Cpx III display strong REE enrichment and uniform, well-defined convex REE patterns (Table 9 , Fig. 6g ). The multi-element patterns show a marked depletion in Sr that is not found in other clinopyroxene types. Weak negative Zr and positive Hf anomalies and the absence of any Ti anomaly are observed (Fig. 6h) .
The core-to-rim trace element patterns of Cpx III phenocrysts and those of relatively large clinopyroxene 
Geochemical relationships between different clinopyroxene types
In the following discussion, all clinopyroxenes are considered in the context of the chemical composition of their core areas. Their averaged major element compositions are plotted in Fig. 8 . Relict Cpx I form a distinct group. They could be compared with clinopyroxene from depleted mantle rocks. Cpx I grain 997/274 with $1Á5 wt % Cr 2 O 3 is one of the most Cr-rich clinopyroxenes ever found in mantle xenoliths and macrocrysts from the Kaiserstuhl (see Keller, 1977 Keller, , 1984 Keller et al., 1990; Sigmund, 1996) . In terms of major elements, Na and Ca in particular, there is no continuum between such relicts and Cpx II (Figs 5a and 7) . Between high-and low-Cr Cpx II and Cpx III, the transition in major elements except for Cr is gradual (Fig. 8, Tables 6 and 8 ). The Cr contents decrease rather sharply from high-to low-Cr Cpx II, and then increase again in the core parts of early Cpx III phenocrysts (Fig. 8, Tables 6 and 8) .
In terms of most trace elements, the transition between the clinopyroxene types is gradual. Trace element patterns of the core areas of high-Cr Cpx II retain many features typical of relict Cpx I. For instance, relict clinopyroxene 997/274 is partially replaced by high-Cr clinopyroxene 997, with a sharp boundary between them being observed both optically (Fig. 2b) and in the electron microprobe profiles (Fig. 5a ). Their trace element patterns are similar (compare patterns 997/274 and 997 in Fig. 6a^d) . Table 9 ). (c, d) Element maps obtained by energy-dispersive analysis and showing the distribution of Al and Ti inside phenocrysts forming the crystal clot in (a). Oscillatory zoning in the distribution of Al and Ti is visible. Location of a microprobe profile in (c) is indicated by the white line with arrow (Fig. 5d, 300 mm profile) . However, in general, the 'straight-line' REE patterns of Cpx I grade into the convex patterns in Cpx II (Fig. 6c) . The negative anomalies of Zr and Hf are less pronounced than in Cpx I, and the negative anomaly of Ti in many cases disappears (Fig. 6d) . The core areas of low-Cr Cpx II display trace element patterns that are intermediate between those of high-Cr Cpx II and Cpx III phenocrysts. The REE elements are strongly fractionated and sometimes show convex patterns (Fig. 6e) . The negative Zr and Hf anomalies are less expressed than in high-Cr Cpx II (Fig. 6f) . The Ti depletion disappears (Fig. 6f) . Cpx III is characterized by well-defined convex REE patterns (Fig. 6g) . Compared with Cpx II, the middle REE (MREE) to HREE, Y, Zr, Hf and Ti are enriched (Fig. 6h) . The only discontinuity between the trace element compositions of different clinopyroxene types is the depletion of Cpx III in Sr (Fig. 6h) .
All clinopyroxenes exhibit strong negative Rb, K and Ba anomalies that are consistent with the incompatibility of these large cations in the clinopyroxene lattice. The negative anomalies of Rb and K are matched in the multi-element pattern of the host olivine nephelinite (Fig. 6 ).
Inclusions in clinopyroxene
The core areas of Cpx II contain frequent solid, melt and fluid inclusions (Fig. 2b, d^f) . The solid inclusions are represented by olivine, carbonate minerals, spinel, apatite and graphite (Fig. 9a^h) . Olivine and particularly carbonate minerals are common. Apatite and graphite are rare; they occur in some multi-phase melt^fluid inclusions. The melt inclusions are represented by quenched carbonatite melt and alkali aluminosilicate glass.
Olivine forms anhedral to subhedral inclusions ranging from $20 to 150 mm in size. They are often associated with calcite and, in the case of smaller inclusions, with alkali aluminosilicate glass and fluid ( Fig. 9b and c) . Large olivine inclusions are replaced by saponite, serpentine and calcite, whereas small ones (530 mm) can often be found unaltered. The chemical composition of such inclusions approaches that of the core areas of large olivine macrocrysts.
Carbonate minerals are represented by calcite and Sr-aragonite forming small (normally 535^40, rarely up to 120 mm) drop-like inclusions in the core parts of clinopyroxene macrocrysts (Fig. 9a) . Less typically, they occur as thin veinlets in the latter. Calcite may also be present in complex multi-phase inclusions where it is associated with alkali aluminosilicate glass and/or olivine ( Fig. 9c and d) . Two types of calcite can be distinguished. More commonly, pure calcite forms drop-like inclusions and, less frequently, veinlets. Mg^Mn-rich calcite occurs only in small (520^35 mm) isolated inclusions. Sr-aragonite forms individual inclusions, thin veinlets and incrustations along cracks. Larger inclusions of Sr-aragonite are often inhomogeneous, made of domains with variable Sr contents. The major and trace element compositions of calcite and Sr-aragonite are given in Table 11 . Pure and Mg^Mn-rich calcite are depleted in Sr (SrO 50Á5 wt %), whereas Sr-aragonite is characterized by very low contents of Mn, Fe and Mg (Table 10 ). The chemical composition of the Mg^Mn-rich calcite inclusions is highly variable in both single macrocrysts and over the whole set of the studied macrocrysts. Both very high ($9Á0 wt %) and relatively low ($1Á45 wt %) MgO contents are observed in nearby inclusions. Both types of calcite, as well as Sr-aragonite, have very low abundances of REE and high field strength elements (HFSE). Normally, the total REE abundance does not exceed 2^3 mg/g (Table 11 ). Only in heterogeneous inclusions where calcite is in contact with secondary phyllosilicates replacing olivine, may the P REE reach 10^11 mg/g. Spinel forms tiny (57^8 mm) euhedral and subhedral inclusions in both high-and low-Cr Cpx II. The inclusions are commonly associated with alkali aluminosilicate melt, although individual inclusions are also present (Fig. 9b) . Spinel inclusions are much more common in high-Cr Cpx II than in low-Cr Cpx II. The composition of the inclusions ranges from Cr^Al-rich spinel (picotite) in high-Cr Cpx II to very aluminous low-Cr spinel (hercynite) in low-Cr Cpx II (Table 11) .
Inclusions (up to 20^30 mm in size) of quenched carbonatite melts rarely occur in the studied clinopyroxenes.
In the core parts of two Cpx II macrocrysts, we found seven unaltered inclusions that can be referred to as quenched carbonatite melt based on their texture ( Fig. 9e and f) and major element composition ( Fig. 10; Table 11 ). Their chemical compositions correspond to silicic, calcic carbonatite melts with relatively low abundances of MgO and FeO and alkalis (Table 11) . Some inclusions show significant inhomogeneity as a result of the segregation of silicate and carbonate phases in the quenched aggregate ( Fig. 9f ; to a lesser degree, present in Fig. 9e) .
Irregular or rounded inclusions of alkali aluminosilicate glass mostly do not exceed 20 mm in size ( Fig. 9a^d  and f^h) . When imaged using a scanning electron microscope (magnification Â 2500^3000), small inclusions appear homogeneous. Larger inclusions (20^25 mm) often contain microcrystals of nepheline. Two glass types can be distinguished. Glass I was detected in three inclusions, two of them also containing quenched carbonatite melt and crystalline calcite (Fig. 9f) . It is tephriphonolitic in composition (Table 11 ; also see Fig. 10 ). Glass II is far more common. It often occurs in heterogeneous, often fluid-bearing, inclusions that do not contain quenched carbonatite melt (Fig. 9a^d, g and h) . Large variations in the modal proportion of melt in the fluid-bearing inclusions suggest that both fluid and melt represent individual phases during the entrapment of the inclusions; that is, the entrapment was heterogeneous. Glass II is often associated with Mg^Mn-rich calcite and Mg-rich olivine ( Fig. 9c and d) . Rarely, Cr^Al-spinel and apatite are present. Secondary phases observed in some inclusions are Tiphlogopite and Ti-magnetite; the former typically develops at the border between the glass and the fluid, whereas the latter forms crystal precipitates on the walls of the fluid cavities. Primary phlogopite and amphibole are absent. In terms of major elements, glass II closely matches the theoretical composition of persilicic nepheline (A. Ulianov et al., unpublished data). Its chemical composition is characterized by a low Fe content and extreme depletion in Ti, Mg and, in most cases, Ca ( Fig. 10 ; Table 11 ). These features might reflect the nepheline-like structure of the corresponding melt, which is poorly compatible with such cations (e.g. Simakin et al., 2005) . Glass II is rich in incompatible elements (Sr, Cs, Rb, Nb, Ta, Zr, LREE; A. Ulianov et al., unpublished data).
Glass II chemical compositions appear primary. Except for the presence of nepheline microcrystals in large inclusions, no convincing evidence for postentrapment chemical modification of the glass was found. Detailed element maps show that the clinopyroxene host in contact with the glass does not change its chemical composition, whereas olivine crystals associated with the glass in multi-phase inclusions are highly magnesian.
Fluid inclusions up to 30^35 mm in size are common. They are rounded or, less frequently, show negative crystal shapes. Microscopically, three phases can be distinguished in the inclusions: a gas, a liquid, and an oxide phase with high reflection index. The last is a Ti-rich magnetite, clearly visualized by SEM (Fig. 9g) . The study of opened inclusions by SEM has also revealed a close association of the fluid with glass II, with more than half of all inclusions either showing a contact of the fluid cavity with 'massive' glass or containing thin glass coatings on the walls (Fig. 9g and h ). Several inclusions contain apatite. One (possibly two) inclusions contain graphite (Fig. 9h) . 
D I S C U S S I O N The relationship between macrocrysts and the host magma
One of the prime aims of this study is to show that the studied suite of macrocrysts and mineral aggregates represents fragments of the mantle source region entrained by the host magma during its formation. Comparing the major and trace element compositions of the clinopyroxene macrocrysts with those of the 'true' phenocrysts of clinopyroxene (with oscillatory zoning) seems to be the best way to evaluate whether or not the macrocrysts are related to the host magma. Other options include comparing the trace element characteristics of the macrocrysts with those of the host rock, provided that mineral^melt partition coefficients are well known, or showing that the macrocrysts are in isotopic equilibrium with the host rock. The first option implies that no immiscible liquids or fluids separated from the host magma en route to the surface, and both require the host rock to be fresh. The second option also faces difficulties because of possible isotope re-equilibration between the host magma and the macrocrysts.
In general, the major element data show a gradual transition from Cpx II to Cpx III, and the trace element data demonstrate a gradual transition between all Cpx types. Evolutionary changes include systematic enrichment in Ti, Zr and Hf from Cpx I to high-and low-Cr Cpx II and further to Cpx III, accompanied by some depletion in La and Ce resulting in convex REE patterns. The gradual transition in the chemical composition from Cpx II to Cpx III could be consistent with the derivation of Cpx II from the source region of the olivine nephelinite magma that precipitated early phenocrysts of Cpx III.
Formation of the source region: metasomatism and relationship with carbonatite magmatism Metasomatism: geochemical characteristics of relict Cpx I It has been widely proposed that mantle metasomatism can be a precursor to alkaline magmatism (e.g. Norry et al., 1980; Wass & Rogers, 1980; Lloyd, 1981; Ionov et al., 1994; Furman, 1995; Spa« th et al., 2001; Dawson, 2002) . The studied Cpx macrocrysts and Ol^Cpx aggregates do not represent fragments derived from 'pristine' (i.e. non-metasomatized) mantle rocks. Cpx I is characterized by marked LREE enrichment (12^14 times chondrite), negative anomalies of Zr, Hf and Ti and low Ti/Eu ratios ( Fig. 11a and b ; Table 7 ). These features are typical of clinopyroxene inferred to be formed by carbonatite metasomatism of the mantle, as shown by both natural mineral assemblages from xenoliths (e.g. Hauri et al., 1993; Norman, 1998; Powell et al., 2004) and experiments in carbonatite systems (e.g. Klemme et al., 1995; Blundy & Dalton, 2000; Adam & Green, 2001) . They are also consistent with the general bulk-rock geochemical characteristics of the metasomatized xenoliths (Yaxley et al., 1991 Ionov et al., 1993; Rudnick et al., 1993; Powell et al., 2004) , and of many carbonatites (e.g. Nelson et al., 1988; Woolley & Kempe, 1989) . Moreover, the occurrence of carbonatite melt inclusions found in Cpx II macrocrysts testifies to the presence of a carbonatitic component.
Phase relations in the system peridotite^CO 2
Chemical reactions relevant to the process of carbonatite metasomatism in the mantle were investigated experimentally in the model system CaO^MgO^SiO 2^C O 2 (CMS^CO 2 ; see Eggler, 1974 Eggler, , 1976 Eggler, , 1978 Wyllie & Huang, 1976; Brey et al., 1983; White & Wyllie, 1992; and in natural peridotite compositions (e.g. Olafsson & Eggler, 1983; Wallace & Green, 1988; Falloon & Green, 1989; Dalton & Wood, 1993; . Two subsolidus reactions for carbonate^lherzolite and five solidus curves for lherzolite, wehrlite, harzburgite and websterite plus CO 2^c arbonate in the system peridotite^CO 2 are shown in Fig. 12a . The reaction Opx þ Dol ¼ Cpx þ Ol þ CO 2 corresponds to the dissociation of dolomite^lherzolite. With increasing temperature, this assemblage is joined by melt, generating a six-phase invariant point Q (c. 20^22 kbar/1050^10908C in natural systems). At pressures exceeding Q, three high-pressure solidus reactions for dolomite^harzburgite, dolomite^websterite and dolomite^lherzolite emanate from the invariant point. Along the solidus and slightly above, these reactions produce magnesian carbonate melts (e.g. Wallace & Green, 1988; Gudfinnson & Presnall, 2005) . Such melts are highly mobile and able to ascend rapidly from their source regions (Hunter & MacKenzie, 1989; Watson et al., 1990; Dobson et al., 1996) . At pressures lower than Q, two additional solidus reactions for lherzoliteĈ O 2 (1) and carbonate-wehrlite (2) exist. Just above Q, the lherzolite^CO 2 solidus curve corresponding to reaction (1) bends sharply through a large temperature interval (Fig. 12a) .
The bend (or ledge) of the solidus of lherzolite^CO 2 above Q has been widely discussed in the context of both carbonatite petrogenesis and mantle metasomatism. In most tectonic settings, a carbonatite melt rising towards the surface from the pressure interval below Q encounters the solidus ledge and reacts with lherzolite to form wehrlite and exsolve CO 2 , the residual carbonatite melt becoming more calcic: Oxides of selected major elements in wt %; trace elements in mg/g. 
This reaction corresponds to reaction (1) in Fig. 12a . It hinders the ascent of primary mantle carbonatite melts to the surface, because they are 'absorbed' by refractory lherzolite or harzburgite lithologies on the solidus ledge (Green & Wallace, 1988) . If the carbonatite melt does not crystallize, the resulting wehrlitic assemblage can be preserved. Precipitation of carbonate minerals from the carbonatite melt causes incongruent melting of the wehrlite, dissolution of olivine and crystallization of clinopyroxene:
This reaction, corresponding to reaction (2) in Fig. 12a, is unfortunately not yet sufficiently well studied (for review, see Lee & Wyllie, 1997 . For a Mg-rich carbonate mineral phase, it might possibly be congruent. Precipitating carbonates from a carbonatite melt after completion of reaction (1) is possible if the crystallization process takes place under disequilibrium conditions and occurs very rapidly. The univariant five-phase assemblage Fo þ Di þ Cc/Dol þ CO 2 þ carbonatite melt in the CMS^CO 2 system is stable only along the wehrlite solidus [reaction (2)], whereas the four-phase field separating reaction curves (1) and (2) does not contain crystalline carbonates. At slow reaction rates, the highly mobile carbonatite liquid may escape the system or be consumed by reaction with adjacent orthopyroxene-bearing mantle rocks. 
Oxides in wt %; trace elements in mg/g; n.d., not detected. For spinel, Fe 2 O 3 and FeO were calculated assuming ideal stoichiometry. For carbonates and quenched carbonatite melt, total Fe is given as FeO. For alkali aluminosilicate glass, total Fe is given as Fe 2 O 3 . Mg-number ¼ 100 Â Mg/(Mg þ Fe 2þ ).
Ã
Ca was excluded from stoichiometric calculations, as its content is defined by secondary X-ray emission from the host Cpx. yGlasses I and II may contain up to 0Á5 wt % BaO, 0Á8 wt % P 2 O 5 and 0Á4 wt % Cl. (Freestone & Hamilton, 1980; Kjarsgaard & Hamilton, 1989) . The geometry of the miscibility gap is controlled by temperature, pressure and bulk chemical composition (for review, see Lee & Wyllie, 1997 Brooker, 1998) . The miscibility gap boundaries for 15 and 25 kbar are from Brooker (1998) and Lee & Wyllie (1996) , respectively.
Cpx I in the context of phase relations in the system peridotite^CO 2
The trace element patterns of relict Cpx I are consistent with the patterns of clinopyroxene from mantle xenoliths with strong indications of carbonatite metasomatism (Hauri et al., 1993; Ionov, 1998; Norman, 1998; Coltorti et al., 1999; Powell et al., 2004; see Fig. 11 ). The depletion of Cpx I in Ca suggests that Cpx I coexisted with orthopyroxene. Single-clinopyroxene solvus geothermometers applied to Cpx I yield temperatures of 1040^10608C (Nimis & Taylor, 2000) and 1135^11558C [Bertrand & Mercier, 1985, equation (6) ], assuming a pressure of 22 kbar. These are moderate temperatures. In the CMS^CO 2 system, they lie well below T Q (see Wyllie & Huang, 1976; and even in natural systems they might be lower than the lherzoliteĈ O 2 solidus ledge temperatures (Fig. 12a) . As Cpx I grains are fairly homogeneous and devoid of inclusions, these moderate temperatures might suggest that the host lherzolite underwent textural and chemical re-equlibration after the clinopyroxene has acquired its 'carbonatite' geochemical signature. We are uncertain if garnet was present in the rock. Although the REE patterns of Cpx I are strongly fractionated and exhibit low HREE contents, they compare well with the patterns of clinopyroxene from some spinel lherzolite xenoliths inferred to have undergone carbonatite metasomatism, which are devoid of garnet (Norman, 1998; see Fig. 11a ). The depletion of Cpx I in the HREE may reflect the low abundances of these elements in the metasomatizing carbonatite or strongly carbonated silicate melt formed deeper in the mantle, probably in the dolomite^garnet peridotite stability field. The rarity of Cpx I and insufficient data on its paragenetic assemblage hamper further interpretation.
Cpx II and associated phases in the context of phase relations in the system peridotite^CO 2 When a carbonatite or strongly carbonated silicate melt encounters the solidus ledge in the system lherzolite^CO 2 and orthopyroxene reacts out completely according to reaction (1), the enstatite activity in the system becomes unconstrained and, consequently, the Ca content of the clinopyroxene increases. This stage of the reaction process is reflected in the major element composition of Cpx II (Figs 12 and 13) . As all carbonate-rich melt inclusions in Cpx II have carbonatitic compositions, we suggest that, during crystallization, Cpx II coexisted with a carbonatite rather than a carbonated silicate melt. Most of such inclusions are Ca-enriched, which is consistent with the experimental data demonstrating Ca enrichment in the carbonate melt that is evolved by reaction (1) (Dalton & Wood, 1993) .
Cpx II macrocrysts also contain frequent calcite and aragonite inclusions that are devoid of alkalis and silica and are strongly REE depleted, unlike carbonatite melts in natural systems (e.g. Wallace & Green, 1988; Lee & Wyllie, 1997 . Thus, we interpret the calcite and aragonite present as inclusions in Cpx II as crystal cumulates formed by crystallization of the carbonatite melt remaining after completion of reaction (1). Some inclusions contain calcite enriched in Mg, Fe and Mn. Its presence is suggestive of a high degree of differentiation of the residual carbonatite. Fe^Mn-rich calcite has been described in heterogeneous inclusions containing alkalic brines formed Fig. 11. (a, b) Normalized trace element patterns of relict Cpx I compared with trace element data for clinopyroxenes from a representative set of uppermost mantle xenoliths from different occurrences worldwide for which carbonatite metasomatism has been inferred (Hauri et al., 1993; Ionov, 1998; Norman, 1998; Coltorti et al., 1999; Neumann et al., 2002; Powell et al., 2004) . However, we are uncertain whether all of these clinopyroxenes formed in equilibrium with primary carbonatite melts. Some of them are characterized by marked Sr depletion (Hauri et al., 1993; Coltorti et al., 1999 ) that might be caused by the fractionation of carbonates from primary carbonatite melt in the mantle (e.g. Ionov & Harmer, 2002) . Evolved carbonatite melts with elevated silica and alkali contents and even strongly carbonated silicate melts may account for the geochemical characteristics of some of the clinopyroxenes used for comparison.
by crystal differentiation of a parental, magnesian calcic carbonatite melt in the Kalkfeld complex, Namibia (Bu« hn & Rankin, 1999) .
The carbonate-wehrlite assemblage formed by reaction (1) and by concomitant crystallization of carbonate minerals from the remaining carbonatite melt is characterized by low solidus temperatures compared with the solidus of lherzolite^CO 2 ( Fig. 12a; see previous section) . Therefore, precipitation of carbonate minerals from the carbonatite melt should cause incongruent melting of the carbonate-wehrlite by the reaction Ol Figs 12 and 13] .
A few grains of high-Cr Cpx II intergrown with olivine are barely distinguishable from relict Cpx I in terms of trace element abundances (Fig. 6a^d) . They seem to represent a reaction environment in which reaction (2) terminated quickly as a result of insufficient amount of carbonatite melt. The petrographic and geochemical features of the remaining part of Cpx II (some high-Cr and all low-Cr macrocrysts) are best explained by melting of carbonate-wehrlite according to reaction (2). These pyroxenes do not form aggregates with olivine, but contain olivine as inclusions associated with quenched carbonatite melt, carbonate minerals and fluid inclusions. Some olivine inclusions are strongly resorbed.
In mantle xenoliths that have experienced carbonatite metasomatism Cr^Al-spinel is unstable in the metasomatic textural domains and undergoes resorption and recrystallization (e.g. Ionov et al., 1994 Ionov et al., , 1996 Wiechert et al., 1997) . The Cr contents of Cpx II decrease rather sharply from high-to low-Cr macrocrysts (Fig. 8) . We believe that the Cr content of Cpx II is controlled by the availability of Cr^Al-spinel. High-Cr Cpx II formed in an environment enriched in Cr owing to the continuing process of dissolution of Cr^Al-spinel. Micron-scale Cr^Al-spinel inclusions are relatively frequent in the core areas of high-Cr Cpx II and could be derived by recrystallization of primary Cr^Al-spinel grains. Low-Cr Cpx II formed in an environment where the Cr^Al-spinel was completely consumed or evolved towards compositions strongly enriched in Al (see Table 11 , spinel inclusions in Cpx II). . The solidus curve for lherzolite^CO 2 is from Falloon & Green (1989) . The geometry of the key reaction boundaries including the lherzolite^CO 2 solidus is similar to that in the model system CMS^CO 2 (Olafsson & Eggler, 1983; Wallace & Green, 1988; Falloon & Green, 1989) . The principal feature of the solidus is the sharp bend to higher temperature when dolomite / Mg-calcite ceases to form a solidus phase and free fluid appears instead. The shaded area corresponds to the P^T range estimated for garnet^spinel peridotite xenoliths from the Kaiserstuhl (Sigmund,1996; Keller et al., 1997) . The steady-state conductive geotherm corresponding to a heat flow of 80 mW/m 2 is after Chapman (1986) . (b) Schematic illustration of possible relationships between primary carbonate melt and different types of clinopyroxene during formation of the source region of the olivine nephelinite magma. Opx, orthopyroxene; Cpx, clinopyroxene; Ol, olivine; Cc, calcite; Dol, dolomite; Mgs, magnesite; V, vapour.
The presence of graphite in some fluid inclusions in low-Cr Cpx II (Fig. 9h) implies that the CCO buffer was occasionally intersected during the reaction process [À0Á6 Álog(fO 2 )
FMQ at 11008C/20 kbar; CCO after Woermann & Rosenhauer, 1985; FMQ (fayalite^magnetite^quartz) after O 'Neill, 1987] . In this case, reaction (2) is replaced by the carbon^carbonate reaction Ol þ Cc/ Dol þ graphite þ CO 2 ¼ Cpx þ melt.
However, the extreme rarity of the graphite-bearing fluid inclusions and large compositional variations of solid-phase inclusions generally do not allow us to consider this as an equilibrium relationship.
Alkali aluminosilicate glass inclusions in Cpx II and their bearing on the melt generation process Glass I. Two out of three inclusions containing the extremely rare glass I also contain crystalline calcite and quenched carbonatite melt. Calcite and carbonatite melt volumetrically dominate (Fig. 9f) . This is consistent with an origin by liquid immiscibility from a carbonatite parental melt enriched in silica and alkalis owing to calcite crystallization. In the Hamilton projection (Freestone & Hamilton, 1980; Kjarsgaard & Hamilton, 1989) , glass I and the quenched carbonatite melts plot on the miscibility gap boundary corresponding to high-P conditions (Lee & Wyllie, 1996; Brooker, 1998 ; see Fig. 10 ). However, the chemical compositions of carbonatite melts that could be in equilibrium with the tephriphonolitic melt corresponding to glass I are alkali-rich compared with the compositions of the carbonatite melt inclusions in Cpx II (Lee & Wyllie, 1996) . A careful investigation of several thin-sections prepared without using water failed to reveal carbonatite melt compositions different from those we have already described. We believe, therefore, that the liquid immiscibility relationships recorded in the inclusions with glass I do not correspond to equilibrium conditions. They may reflect post-entrapment quenching of a formerly homogeneous carbonatite melt.
Glass II. Crystallization differentiation and devolatilization of a silicate melt corresponding to glass I cannot account for the composition of glass II because of the rather low alkali content of the resulting melt. Liquid immiscibility also does not explain the origin of glass II. Under equilibrium conditions, carbonatite melts coexisting with glass II have to be alkalic (Fig. 10) . Moreover, quenched carbonatite melt is completely lacking in all heterogeneous inclusions with glass II that we studied.
Petrographic and geochemical data are most consistent with the formation of glass II by segregation from an evolved carbonatite melt (possibly a brine). In heterogeneous inclusions, glass II is often associated with Mg^Mn-rich calcite (see section 'Inclusions in clinopyroxene'). Among the studied macrocrysts and their inclusions, the only non-carbonate phases enriched in Mn are olivine and spinel (0Á1^0Á2 and 0Á3^0Á5 wt % MnO, respectively). Volumetrically, olivine dominates. Dissolution of olivine by the reaction Ol þ Cc/ Dol þ vapour ¼ Cpx þ carbonatite melt [reaction (2), Fig. 12 ] results in the crystallization of clinopyroxene, which is Mn depleted compared with olivine. Concomitant precipitation of carbonate minerals from the carbonatite melt should cause extreme fractionation of the latter, as this process leads to a cyclic reaction limited only by the amount of olivine and carbonatite melt and by the stoichiometry of the carbonate phase. It also results in a volatile-enriched residual melt because of crystallization of carbonate minerals from the carbonatite melt. It would be unlikely that such a melt (possibly brine) could be quenched. It probably corresponds to the stage of deep degradation of carbonatite melt during the reaction process and to the onset of silicate melt generation in the system (Fig. 13) . Further melting of both olivine and clinopyroxene components and their mixing with the incipient silicate melt corresponding to glass II resulted in the formation of the olivine nephelinite magma (Fig. 13) .
Geochemical data and phase relations indicate that a lack of equilibrium is a prerequisite for the formation of glass II. The Na/K ratio of glass II strongly varies in nearby inclusions in the same host clinopyroxene grain. Mg^Mn-rich calcite associated with glass II also shows large compositional variations. These variations cannot be explained by post-entrapment evolution of the inclusions, of which the indications are minor. The lack of equilibrium within and between the reacting domains, probably as a result of fast reaction rates in the presence of a carbonatite melt, is often observed in peridotite xenoliths inferred to have undergone carbonatite metasomatism in the uppermost mantle (e.g. Hauri et al., 1993; Ionov et al., 1996; Coltorti et al., 1999) .
Incompatible trace elements during melt generation
The onset of the reaction process discussed above, that is, the formation of the assemblage olivine þ clinopyroxene [reaction (1), Fig. 12a ], has been implicitly modelled in experimental studies on trace element partitioning between clinopyroxene and carbonatite melt (Brenan & Watson, 1991; Klemme et al., 1995) . Among several experimental runs reported by Klemme et al. (1995) , two (at 20 and 22 kbar) were conducted on a mixture of 30:70 silicate^carbonate components, the former representing a peridotitic composition made of 65% Ol, 30% Opx, and 5% Cpx, whereas the latter was a natural calciocarbonatite from the Kaiserstuhl. Experimental products were olivine, clinopyroxene, and carbonatite melt. Orthopyroxene was completely consumed. Fluid may have formed, although this was not discussed by Klemme et al. (1995) .
The major element compositions of the clinopyroxenes synthesized by Klemme et al. (1995) are comparable with those of high-Cr Cpx II from our study, especially the clinopyroxene from their run K4 (see Klemme et al., 1995, Table 4 ). Compared with relict Cpx I, the synthesized clinopyroxene is more calcic and less sodic. The trace element patterns of clinopyroxenes from Klemme et al. (1995) and the patterns of Cpx I and some high-Cr Cpx II from this study are presented in Fig. 14a and b. Also shown are the trace element patterns of carbonatite melts coexisting with clinopyroxene in the experiments of Klemme et al. (1995) and the whole-rock trace element pattern of the olivine nephelinite from this study. For all elements to the right of La, the patterns of the clinopyroxenes synthesized by Klemme et al. (1995) are virtually indistinguishable from those of relict Cpx I and high-Cr Cpx II. For Ba, Nb and Ta, however, large discrepancies are observed. These discrepancies reflect the significantly higher partition coefficients for Ba, Nb and Ta obtained by Klemme et al. (1995) compared with several other studies on trace element partitioning between clinopyroxene and carbonatite melt (e.g. Green et al., 1992; Adam & Green, 2001 ). Adam & Green (2001) suggested that Klemme et al. 's (1995) results may have been affected by the contamination of their clinopyroxene analyses by the surrounding carbonatite matrix.
The generally good consistency between our data and the trace element compositions of the clinopyroxenes synthesized by Klemme et al. (1995) suggests that the trace element patterns of the coexisting carbonatite melts from Klemme et al. 's (1995) experiments (Fig. 14a and b) might represent a reasonable approximation of the trace element composition of the melt involved in the formation of Cpx I and high-Cr Cpx II. An independent evaluation of the trace element composition of the carbonatite melt coexisting with the studied clinopyroxenes is provided in Fig. 14c and d. The trace element abundances of the melts were calculated using the clinopyroxene^carbonatite partition coefficients of Green et al. (1992) and Adam & Green (2001) . The resultant patterns are lower in Ba and Nb compared with the patterns of Klemme et al. (1995) , but otherwise similar. In terms of their major and trace element compositions, the macrocrysts of low-Cr Cpx II are similar to the Cpx III phenocrysts from the host olivine nephelinite. The only marked difference between them is the lower Sr contents in Cpx III (see Fig. 6f and h ). The depletion of Cpx III in Sr is consistent with the presence of carbonate minerals forming inclusions in Cpx II. Crystallization of calcite with a moderate Sr content contributes to the depletion of the coexisting carbonatite melt in Sr relative to LREE and HFSE (see Ionov & Harmer, 2002) . Crystallization of Sr-aragonite accelerates this process. The melt in equilibrium with Cpx II has, therefore, probably been depleted in Sr by the precipitation of carbonate minerals.
We also observe a continuous enrichment in Zr, Hf and Ta relative to Sr and REE over the entire sequence of studied clinopyroxenes. Relict Cpx I are strongly depleted in Zr, Hf and Ti, whereas high-and particularly low-Cr Cpx II have higher abundances of these elements, reaching maximum values in Cpx III phenocrysts (see Fig. 6 ). Amphibole is absent in the studied assemblage. Phlogopite is rare; it sporadically occurs as a late-stage phase in meltf luid inclusions in Cpx II. As orthopyroxene preferentially accommodates Zr, Hf and Ti (Rampone et al., 1991; McDonough et al., 1992; Norman, 1998) , some input of these elements may be expected because of the consumption of orthopyroxene at the onset of the reaction process, although it is unlikely to be the main mechanism Relict Cpx I and high-Cr Cpx II vs. experimental results of Klemme et al. (1995) Sample / Primitive Mantle Carb onat it e melt Cpx Experimental runs, Klemme et al. (1995) Relict Cpx I and high-Cr Cpx II vs. experimental results of Klemme et al. (1995) 0.01 Adam & Green (2001) , Green et al. (1992) 0. partition coefficients from Adam & Green (2001) , Green et al. (1992) Sample / CI Chondrite Sample / Primitive Mantle
normalized whole-rock trace element pattern Klemme et al. (1995) . Except for the abundances of Zr and Hf, the carbonatite melt patterns are indistinguishable from each other. The variability of Zr and Hf was discussed by Klemme et al. (1995) . They considered the higher values for Zr and Hf (c. 10 times PM) as realistic. On the other hand, independent data on trace element partitioning between clinopyroxene and carbonatite melt (e.g. Green et al., 1992; Adam & Green, 2001 ) are more compatible with low values for these elements. (c, d) Normalized REE and multi-element patterns of carbonatite liquids computed in equilibrium with relict Cpx I and high-Cr Cpx II. Partition coefficients from Green et al. (1992) and Adam & Green (2001) have been used. Normalization values as in Fig. 6 .
governing the overall Zr, Hf and Ti enrichment of the clinopyroxene phenocrysts. The principal reactant that could deliver Zr, Hf and Ti in appreciable amounts appears to be the fluid (vapour) released during Opx-out reaction (1). The carbonatewehrlite solidus reaction (2) is accompanied by the consumption of the fluid (Fig. 12a) . Phases associated with fluid inclusions in the clinopyroxenes studied include Ti-rich magnetite and Ti-phlogopite. Ti-rich magnetite in most cases represents late-stage crystal precipitates on the walls of the inclusions. Ti-phlogopite occurs as a reaction phase at the contact between the alkali aluminosilicate glass and the fluid. It is, therefore, reasonable to assume the fluid to be alkalic and Ti-rich (possibly halogen-rich?). Because data on the trace element composition of fluids associated with carbonatite melts in the uppermost mantle are scarce, more in situ data are required to evaluate the role of fluid in the studied process.
General evolution of the source region and subsequent magmatic evolution
We propose that the studied suite of macrocrysts and mineral aggregates formed in the pressure range of the solidus ledge in the system lherzolite^CO 2 by interaction of a carbonatite melt with orthopyroxene-bearing mantle rocks, resulting in their transformation to carbonatewehrlite. Relict Cpx I corresponds to the onset of this process (Fig. 13) . Despite its clear 'carbonatite' trace element signature, further data are to elucidate the origin of Cpx I. Some high-Cr Cpx II, olivine and their aggregates record transformation of mantle rocks to carbonatewehrlite with little or no remaining carbonatite melt. This assemblage was sampled by the magma on ascending to the surface, as a result of spatial proximity and mechanical weakness. Owing to the rheological properties of carbonatite melts (low viscosity and low dihedral wetting angles) the carbonatite melt form an interconnected grain boundary network in an olivine-dominated matrix even at low melt fractions (Hunter & MacKenzie, 1989) . Thus, only relict Cpx I that probably re-equilibrated under subsolidus conditions and some high-Cr Cpx II can form aggregates with olivine.
The remaining part of the Cpx II formed during progressive incongruent melting of carbonate-wehrlite. Closed-system crystallization of carbonate minerals from the remaining carbonatite melt, probably under disequilibrium conditions, resulted in extensive fractionation of the carbonatite melt and segregation of incipient alkali aluminosilicate melt(s) (Fig. 13) . Rising asthenospheric mantle caused by continuing extensional tectonics in the Rhine graben could have caused increasing temperatures that promoted increasing degrees of partial melting of the assemblage wehrlite þ alkali aluminosilicate melt, culminating in the generation of the olivine nephelinite magma (Fig. 13) . During this process, Cpx II grains were subjected to dissolution. The relative homogeneity of the core areas of large Cpx II grains and the lack of melt inclusions in Cpx II compositionally similar to the host olivine nephelinite magma suggest that little textural and chemical re-equilibration occurred during this final melting stage. Some limited chemical re-equilibration with the magma is indicated by an increase in Mg-number in the outer parts of the core areas of the Cpx II macrocrysts (Fig. 5b and c) . The domain texture in clinopyroxene might have begun to develop at this stage.
Shortly before or during the ascent of the olivine nephelinite melt to the surface, the crystal mush composed of olivine, different types of clinopyroxene and a minor amount of Cr^Al-spinel was homogenized. Low-Cr Cpx II display distinct positive Cr anomalies at the core^rim boundary (Fig. 5c) . Dissolution of the remaining grains of Cr^Al-spinel in the homogenized mush of crystals and melt may represent the main cause of this phenomenon. Cr spikes in clinopyroxenes from other alkaline mafic volcanic rocks (e.g. Duda & Schmincke, 1985) are also likely to be related to the dissolution of spinel in the magma. Finally, the elevated Cr content in the early Cpx III phenocrysts is consistent with this process.
En route to the surface, Cpx III phenocrysts began to crystallize and were mantled by Fe-Ti-rich rims at shallower levels. Clinopyroxene and olivine microphenocrysts formed, and olivine macrocrysts, some of them deformed, underwent diffusional re-equilibration towards the composition of the microphenocrysts, resulting in strong chemical zoning (see Electronic Appendix, Fig. A1 ).
Is carbonate-wehrlite stable under subsolidus conditions at mantle depths?
The solidus of carbonate-wehrlite in the presence of CO 2 corresponds to relatively low temperatures [51050^10908C (¼T Q ); see Fig. 12a ]. Therefore, it appears unlikely that carbonate-wehrlite formed by interaction of peridotite mantle rocks with a carbonatite melt can remain in the mantle as solid material. In most thermal regimes, it has to melt. Data on mantle xenoliths from the Kaiserstuhl are consistent with a steady-state heat flow of 80 mW/m 2 (Sigmund, 1996; Keller et al., 1997) . The corresponding geotherm intersects the solidus of carbonate-wehrlite at 17 kbar (Fig. 12a) . Thus, beneath the Kaiserstuhl, carbonate^wehrlite can remain as a stable phase assemblage in the mantle, where it can undergo textural and chemical re-equilibration under subsolidus conditions, if the pressure does not exceed c. 17 kbar. Otherwise, it will melt.
The cores of the studied clinopyroxenes contain alkali aluminosilicate glass and quenched carbonatite melt inclusions, indicating that they formed in the presence of a melt (or melts). We also observe petrographic and geochemical indications of disequilibrium between the coexisting phases. All varieties of calcite and alkali aluminosilicate melt with different K/Na ratios occur in nearby inclusions. Cpx II macrocrysts with fully equilibrated cores do not exist, as some compositional scatter in the microprobe profiles is observed. Together with the physicochemical arguments discussed above, this is inconsistent with textural and chemical re-equilibration of the studied carbonate^wehrlite assemblage under subsolidus conditions and its subsequent melting. We believe that formation of carbonate-wehrlite as a result of interaction of mantle rocks with carbonatite melt along the solidus ledge in the system lherzolite^CO 2 and subsequent melting of the carbonate^wehrlite represents one continuous process.
Fractionation / reaction process as an alternative model
As an alternative to the above model it is possible that the macrocrysts represent the disintegrated relicts of an earlier metasomatic event within the mantle. Both crystal accumulation and metasomatic reaction with wall rocks can occur at the same time during 'percolative fractional crystallization' of an alkaline magma ascending through the upper mantle to the surface (Harte et al., 1993) . Deformation features in mantle minerals can possibly be preserved in the course of this process, necessitating additional evidence for an origin of the studied assemblage of macrocrysts and mineral aggregates from the source region of the host magma.
We propose that the key to distinguishing between cumulate and metasomatic minerals entrained during magma ascent and fragments of the magma source region lies in the study of the silicate melt inclusions they contain. In this context, we need to question whether the chemical composition of glass I and II could be explained by fractionation of the olivine nephelinite or a similar magma. Except for the presence of nepheline microlites in some of the large inclusions, we found (almost) no signs of postentrapment modification of the silicate glass composition. Based on the study of a number of inclusions, we observed a distinct compositional gap between the host olivine nephelinite and glass I and II (Fig. 15) . In particular, all the glasses are strongly depleted in Ti compared with the olivine nephelinite (Fig. 15) . The cores of the clinopyroxene macrocrysts lack primary inclusions of Ti-rich minerals. Such minerals, including green-core clinopyroxene usually enriched in the HFSE, are absent in the studied macrocryst assemblage. Crystal^liquid differentiation or metasomatic interaction with the wall-rocks should have resulted in enrichment rather than depletion of the residual melt in the HFSE. Sr enrichment and LREE depletion of glass II with respect to the olivine nephelinite are also difficult to explain by fractionation or reaction processes. In addition, textural relationships suggest that rare glass I, which indeed displays some geochemical resemblance to the olivine nephelinite, formed from a carbonatite rather than silicate parental melt (Fig. 9f) . The compositional gap between glass II and the host olivine nephelinite cannot be bridged by the compositions of glass I. The presence of a compositional gap is consistent with the dissolution of the host clinopyroxene in the course of melting during formation of the olivine nephelinite magma, as (primary) melt inclusions cannot be trapped during this process. The fractionation^wall-rock reaction processes do not explain the observed compositional gap.
Mantle xenoliths exhumed by olivine nephelinites
Mantle xenoliths exhumed in volcanic rocks provide independent constraints on the minimum depth of formation of the host magma. Unlike kimberlites and some melilitites and alkali basalts entraining xenoliths equilibrated at high pressures ($70^30 kbar), olivine nephelinites sensu stricto contain mostly granulite and low-pressure spinel peridotite and pyroxenite xenoliths. Garnet-bearing peridotite and pyroxenite xenoliths in olivine nephelinites are very rare. Geobarometric data indicate that such xenoliths were equilibrated at relatively low pressures not exceeding those for spinel peridotites (e.g. Sigmund, 1996; Akinin et al., 1997) . Mantle xenoliths from the Kaiserstuhl olivine nephelinites, including garnet^spinel peridotites, yield maximum pressures estimates of 522^24 kbar (Sigmund, 1996; Keller et al., 1997) . These estimates roughly correspond to the pressure interval along the solidus ledge of carbonated lherzolite, thus highlighting the link between melting reactions on the ledge and the petrogenesis of nephelinitic magmas.
Olivine nephelinites and olivine melilitites
Olivine nephelinites are frequently associated with olivine melilitites. Olivine melilitites represent a large rock group. Some olivine melilitites from cratonic environments contain garnet-lherzolite and harzburgite xenoliths equilibrated at relatively high pressures (37^49 kbar; see Lee & Rudnick, 1999) . Off-craton olivine melilitites, such as those of the Upper Rhine graben province in SW Germany, lack xenolith evidence for such a deep level of final melt extraction Dunworth & Wilson, 1998) . Based on the mineralogical and geochemical characteristics of olivine melilitites from the Urach and Hegau volcanic fields of SW Germany and from Mahlberg Castle in the Upper Rhine graben, Dunworth & Wilson (1998) suggested a multi-stage melt generation model. According to their model, a highly carbonated, SiO 2 -poor melt rising from the dolomiteĝ arnet peridotite stability field in the asthenosphere reacted with depleted mantle lithologies along the solidus ledge of the system peridotite^CO 2 to form clinopyroxenerich peridotite. Melting of the latter resulted in the formation of olivine melilitite magma.
The Dunworth & Wilson model complements that presented here, and vice versa. Geographically, the late Tertiary volcanic fields of Urach and Hegau and the Kaiserstuhl belong to the same region, and the olivine melilitite neck at Mahlberg Castle (Fig. 1a) is situated only 20^25 km NNE of the Kaiserstuhl, which itself contains carbonate-rich melilitite rocks (bergalites). Compared with average olivine nephelinite (Nockolds, 1954; Le Bas, 1987) , olivine melilitite magmas are more calcic. The chemical composition of the Humberg olivine nephelinite can be derived from the compositions of the Urach and Hegau olivine melilitites by subtracting 3^5% calcite. It seems that either the source region of the olivine melilitite magma contains more extensively carbonated material than the source region of olivine nephelinite, or that olivine melilitite represents a smaller degree partial melt than olivine nephelinite, resulting in the dilution of the carbonate component in the olivine nephelinite magma. Otherwise, the source regions of both magma types appear to be similar, both genetically and in terms of phase assemblage (carbonate-wehrlite). On-craton olivine melilitites from the dolomite^garnet peridotite stability field are not discussed here.
Carbonatites and olivine nephelinites in bimodal carbonatite^alkali silicate rock associations
The regional association of nephelinitic rocks with carbonatites is firmly established both in the Kaiserstuhl and worldwide. Four processes are currently favoured to explain the origin of this association: (1) fractional crystallization of a carbonated nepheline-rich magma (e.g. Watkinson & Wyllie, 1971; Lee & Wyllie, 1994) ; (2) separation of two immiscible liquids, nephelinitic and carbonatitic, from a carbonated primary or evolved alkali silicate magma (e.g. Koster van Groos & Wyllie, 1963; Kjarsgaard & Hamilton, 1989; Lee & Wyllie, 1997 Kjarsgaard, 1998) ; (3) partial melting of carbonateamphibole or amphibole^peridotite in the uppermost mantle (e.g. Olafsson & Eggler, 1983) ; (4) generation of a sequence of primary carbonate and silicate magmas by partial melting of carbonated peridotite deep in the mantle (e.g. Moore & Wood, 1998) . The first process has more relevance to the formation of intrusive alkali silicate rock^carbonatite complexes rather than volcanic associations of nephelinites and carbonatites (e.g. Watkinson & Wyllie, 1971) . The process of liquid immiscibility appears both important and widespread in carbonated alkali silicate magmas, but it does not account for the origin of the silicate precursors themselves. The partial melting of (carbonate^) amphibole peridotites that can potentially form by interaction of primary carbonatite melts or related fluids with peridotite mantle lithologies in the uppermost mantle above the solidus ledge of carbonated peridotite requires amphibole in the source region and seems to leave orthopyroxene as a residual phase (Olafsson & Eggler, 1983) . More recently, Moore & Wood (1998) made an attempt to explain the binary nature of the silicate^carbonatite association in the context of primary carbonatite magmas originating in the mantle at pressures greater than the solidus ledge (4$70 km). Isotopic studies and evidence based on mantle xenocrysts and garnet peridotite and eclogite xenoliths in effusive carbonatites have led to the conclusion that primary carbonatite melts may reach the Earth's surface without being trapped and consumed on the ledge (e.g. Bailey, 1989; Harmer & Gittins, 1998) . In the pressure range between the ledge and the Moho (from 70 to 20^40 km), the only peridotite that can coexist with a carbonatite melt is a wehrlite. Once channels in the uppermost mantle protected by metasomatic wehrlites are established, carbonatite melts are able to survive and ascend to the surface (Moore & Wood, 1998; . With an increase in temperature, at higher degrees of partial melting, silicate melts with moderate CO 2 contents can be generated from carbonated peridotite below the solidus ledge instead of carbonatites. It should be noted that this process may bear more relevance to the origin of kimberlites and some melilitites rather than nephelinites; it also generates orthopyroxenebearing residues (Moore & Wood, 1998; Gudfinnson & Presnall, 2005) .
The exact nature of the processes that led to the generation of the Kaiserstuhl carbonatites appears uncertain, as well as their relationships with the olivine nephelinites. In fact, all four mechanisms mentioned above have been speculatively invoked over the last two decades to explain these relationships (Keller, 1984; Keller et al., 1990; Schleicher et al., 1990 Schleicher et al., , 1991 . The Kaiserstuhl carbonatites are characterized by isotope disequilibrium with the associated olivine nephelinitic and limburgitic as well as tephritic rocks. The carbonatites have more radiogenic Nd and Pb isotopic compositions compared with the olivine nephelinites (Schleicher et al., , 1991 . Thus, the carbonatites and the olivine nephelinites cannot represent unmodified immiscible melts separated from a common carbonated silicate parental magma (Schleicher et al., , 1991 . On the other hand, the Kaiserstuhl bergalites (carbonatite^melilitite rocks) have isotopic characteristics similar to those of the carbonatites (e.g. Schleicher et al., 1990) . However, less carbonated melilititic or nephelinitic rocks that would be complementary to the bergalites in terms of isotopic composition have not yet been found in the Kaiserstuhl.
In the uppermost mantle beneath the Kaiserstuhl, the relationships between carbonatite and olivine nephelinite appear to be genetic. This study strongly supports the conclusion that primary carbonatite melts rising from depths below the solidus ledge of carbonate^peridotite can play a major role in the formation of the source region for olivine nephelinite. The primary carbonatite melts metasomatize the mantle to form wehrlites, and the complementary nephelinitic magmas are generated by partial melting of the wehrlites. At intermediate degrees of melting, highly carbonated silicate melts may form and subsequently exsolve carbonatitic liquids on ascending to the Earth's surface, thus generating new carbonatites at shallower depths. At higher degrees of melting, olivine nephelinite magmas with lower CO 2 contents will appear. The primary carbonatite magmas are largely consumed at the solidus ledge and do not reach the surface; this partly explains the large volumes of nephelinitic rocks accompanied by only minor volumes of carbonatites in many occurrences of carbonatite and alkalic silicate rocks worldwide. In nature, the formation of primary carbonate and silicate magmas below the solidus ledge of carbonated peridotite (Moore & Wood, 1998) , formation of nephelinitic magmas on the solidus ledge as a result of the supply of primary carbonatite melts from below the ledge (this study), and low-pressure liquid immiscibility traditionally invoked to explain the relationships between carbonatites and nephelinitic rocks are unlikely to be mutually exclusive processes.
C O N C L U S I O N S
Mineral and bulk-rock compositions of the olivine nephelinite from the Humberg, Kaiserstuhl, represent a mixture of primary melt and disintegrated fragments (10^15%) of the source region. The source region material is dominated by clinopyroxene and olivine.
The magma generation process was multi-stage. A primary carbonatite melt formed deep in the mantle, probably in the carbonate^garnet peridotite stability field. On migrating upwards, it interacted with mantle peridotite in the pressure range of the solidus ledge in the system lherzolite^CO 2 (c. 20^22 kbar in natural peridotite systems) by the reaction Opx þ carbonate melt ¼ Ol þ Cpx þ CO 2 . It also crystallized carbonate minerals. After complete conversion of orthopyroxene, the resulting carbonate-wehrlite assemblage began to melt incongruently according to the reaction Ol þ Cc/ Dol þ CO 2 ¼ Cpx þ melt corresponding to the solidus of carbonate-wehrlite. The residual carbonatite melt continued to crystallize carbonate minerals and evolved towards enrichment in Mg, Mn and volatile components, leaving Mg^Mn-enriched calcite as a crystal cumulate and possibly transforming to a brine. The very first portions of silicate melt in the system might have separated from this evolved carbonatite melt or brine; they were alkali-, alumina-and silica-rich and strongly depleted in mafic components. Further melting of the carbonate-wehrlite assemblage in the presence of the alkali aluminosilicate melt led to the dissolution of the solid phases (olivine þ clinopyroxene AE carbonate minerals) and resulted in the generation of olivine nephelinite magma. The magma partly entrained clinopyroxene and olivine from the source region and brought them to the Earth's surface.
The association of primary carbonatite, melilititic and nephelinitic melts in the uppermost mantle in the pressure range of the solidus ledge of carbonate peridotite is genetic. It partly accounts for the regional association of foidites and foidolites with melilitites and carbonatites, especially with carbonatites considered as primary mantle melts.
